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Abstract— In the present study, numerical studies are carried 
out to investigate the heat transfer in rectangular duct roughened 
by square and trapezoidal shaped ribs on one wall using different 
fluids. The coolant fluids such as air, steam, air/mist and 
steam/mist were investigated. The computational results show 
that the shear stress transport (SST) turbulence model is selected 
by comparing the predictions of different turbulence models with 
experimental results. The heat transfer coefficients enhance in 
ribbed channel at injection small amount of mist. The heat 
transfer coefficients of air/mist, steam/mist increase by 14% and 
104% than that of air, respectively in square shaped ribs. 
However the heat transfer coefficient of air, air/mist, steam and 
steam/mist increase by 9%, 16%, 68% and 118%, respectively 
for trapezoidal shaped ribs compared with air in square shaped 
ribs. 
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I. INTRODUCTION  

Periodic ribs are frequently employed to enhance the heat 
transfer process in various cooling passages such as turbine 
blades, guide vanes and combustor walls. 

Heat transfer augmentation inside cooling channels is 
achieved by using repeated ribs as turbulence promoters. The 
periodic ribs break the laminar sub-layer and create local wall 
turbulence due to flow separation and reattachment between the 
ribs, greatly enhancing the heat transfer. Several researchers 
have studied the heat transfer characteristics in straight 
channels with various shaped ribs using air as coolant flow. 
Chandra et al. [1], Han et al. [2], Lanjewar et al. [3], Srinath et 
al. [4], Salameh and Sunden [5],  Tanda [6] and Wang and 
Sunden [7] studied experimentally the effect of ribs 
configuration and angled ribs on heat transfer and friction.  

While by numerical predictions of the flow and heat 
transfer in rib-roughened passages have been conducted 
previously by several investigators: Kashmiri et al. [8] 
investigated the rib pitch effect on heat transfer.  

Taslim and Liu [9], and Haasenritter et al. [10] performed 

both numerical and experimental analyses on roughened square 
channel with sharp and round profile ribs using k-ε turbulence 
model. They found good agreement between modeling and 
experimental.  

Chaube et al. [11] obtained a good agreement of heat 
transfer predicted with experimental data for roughness plate 
using SST k-ω. Lu and Jiang [12] have performed both the 
numerical analysis and experimental study to investigate the 
heat transfer and fluid flow behavior in rectangular channel 
using SST k-ω and RNG k-ε turbulence models. They have 
concluded that the SST k-ω turbulence model was more 
suitable for the convection heat transfer in such channels. 

Wang et al. [13] examined the capabilities of different 
turbulence models in predicting heat transfer and flow 
serpentine cooling channel. They compared performance of air 
and steam as coolant flow. They showed the better model was 
SSG turbulence model and the steam heat transfer efficiency is 
higher than that of air. 

Shui et al. [14] compared of k-ε model, SST model and 
SSG model in prediction of heat and fluid flow of square 
ribbed channel. The simulation matched well with experimental 
results using SSG turbulence model and the steam is proper 
coolant than air. 

Moreover, many numerical studies have been published 
regarding comparison analysis of air and steam as a coolant 
such as Albeirutty et al. [15], Najjar et al. [16] and Sanjay et al. 
[17]. These studies showed that the closed loop steam cooling 
offers the highest plant efficiency. 

There have been experimental and numerical studies of 
tubes and flat plate cooling with air/mist including those of 
Sikalo et al. [18], Oisin et al. [19], Novak et al. [20], Kumari et 
al. [21], Shokouhmand and Ghaffari [22] and Pakhomov and 
Terekhov [23].  These studies concluded that the heat transfer 
coefficient can be increased with introduction of a fine water 
mist. However the experimental and numerical validation of 
heat transfer results of mist/steam cooling in heated horizontal 
tube introduced by Gou et al. [24] and Dhanasekaran and Wang 
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[25] They found that the average cooling enhancement was 
100% with 5% mist. 

The pervious studies investigated air/mist cooling or 
steam/mist cooling in smooth tube or flat plate. In the present 
work, the simulation is compared with the data of Tanda [6]. 
In that study, detailed heat transfer coefficients were made in a 
rectangular duct. The results of the heat transfer coefficient 
were discussed for square ribs and trapezoidal ribs using mist 
injection of air and steam. 

II. GEOMETRY AND COMPUTATIONAL METHODS 

Rectangular duct tested by Tanda [6] is adopted as the 
calculating object to verify the accuracy of calculation model 
and method. Fig. 1 shows the geometry and profile of the ribs 
for the one side ribbed duct. The ribbed side wall was denoted 
as the bottom surface. The other side walls were denoted as 
the smooth surfaces. A total of seven ribs were simulated. A 
multiple block structured grid is used. A grid size fell within 
the range of 1.2 million hexahedral elements. To accurately 
predict fluid behavior, the cells have been clustered towards 
the wall to obtain appropriate y+ value less than1. 

The influence of turbulence models in predicting the heat 
transfer characteristics and flow have been tested for 
experimental conditions. The local heat transfer coefficient is: 

         (1) 
Where q is heat flux [W/m2 K], Tw and Tb are wall 

temperature and bulk temperature [K], respectively. The local 
Nusselt number for the ribbed side wall is defined as 

            (2) 
Where h is heat transfer coefficient [W/m2 K] and Dh 

hydraulic diameter [m]. The ribbed side wall friction factor is 
defined as following: 

          (3) 
∆p, L and u are pressure loss [Pa] and test section length 

[m] and flow velocity [m/s], respectively. Where, k and ρ are 
thermal conductivity [W/m K] and density [kg/m3], 
respectively. 

Fig. 2 shows the numerical result of average Nusselt 
number in the ribbed wall. The friction factor at the different 
Re number is illustrated in Fig.3. It is clear that, the prediction 
by SST turbulence model is comparable with experimental 
data than Kω and ωRS turbulence models. So the SST 
turbulence model is chosen for all simulations in our study. 

A. Boundary conditions  

The air and steam are considered as continuous flow and 
mist is considered as a discrete flow in the model. The inlet 
mass flow rate is 0.0269 kg/s, inlet saturated temperature is 
388 K and heat flux of 15000 W/m2. The flow exit of 
computational domain is assumed to be a constant pressure of 
1 atm. The non slip boundary condition is assigned at all the 

walls, ribs and unheated walls are assigned as adiabatic wall. 
Mist mass fraction 6% (by mass). The boundary condition of 
droplets at walls is assigned as reflect [26], which means the 
droplets elastically rebound off once reaching the wall. 

 
Figure 1. (a) Geometry,  (b) Square ribs,  (c) Trapezoidal ribs 
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Figure 2. Effect of turbulence model on average Nu number 
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Figure 3. Variation of the friction factor with turbulence model in the ribbed 

duct 
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III. RESULT AND DISCUSSION 

The heat transfer coefficient in rectangular duct roughened 
with square ribs and trapezoidal ribs using air, air/mist, steam 
and steam/mist as coolants. The simulation at the same 
condition, the same entry static temperature and mass flow 
rate and outlet static pressure are employed. A uniform heat 
flux of 15000W/m2 is given in the wall boundary.  

Fig. 4 shows the sample of flow pattern for air and air/mist 
for square ribs and trapezoidal ribs at the same entry 
conditions. Which clear that, the flow is characterized by shear 
layer separation and recirculation behind the ribs. Then the 
flow reattaches and forms recovery region at the downstream 
ribs. The reattachment length is proportional to the level of 
turbulence in the separated shear layer. The reattachment 
lengths of air (square ribs), air (trapezoidal ribs), air/mist 
(square ribs) and air/mist (trapezoidal ribs) are 4.17e, 4.22e, 
4.65e and 4.69e, respectively. The air/mist (trapezoidal ribs) 
has the longest reattachment length. This is from the higher 
velocity of air/mist (trapezoidal ribs) decreases the boundary 
layer thickness and improves the diffusivity outer region of 
eddy.  

 
air (square ribs) 

 
air/mist (square ribs) 

 
air (trapezoidal ribs) 

 
air/mist (trapezoidal ribs) 

Figurer 4 Air and air/mist velocity vectors streamline diagramfor different ribs 

Fig. 5 presents the air heat transfer coefficient distribution 
along the centerline of square ribs and trapezoidal ribs. As 
expected the average heat transfer coefficient of air in 
trapezoidal ribs case is higher than that of square ribs case. 
Also, it is clearly shown that the air/mist heat transfer 
coefficient is higher than that of air heat transfer coefficient. 
The average air/mist heat transfer coefficient increase by about 
14% and 16% than that of air in cases, square ribs and 
trapezoidal ribs, respectively. 
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Figure 5. Local heat transfer coefficient along the centerline of air and air/mist 

for ribbed wall. 

That is result to decrease in wall temperature (Eq.1). For 
average heat transfer coefficients of steam and steam/mist 
along the centerline are plotted in Fig. 6. The average heat 
transfer coefficients of steam (trapezoidal ribs) increases by 
about 1.09 times than that of square ribs case. Whereas the 
average heat transfer coefficient of steam/mist (trapezoidal 
ribs) increases by about 7% than that of average heat transfer 
coefficient of steam/mist (square ribs). That id attributed to the 
different separation angle when fluid approaches the different 
wind ward surface of the upstream rib. The average cooling 
enhancement for different coolant fluids over heated wall is 
shown in table1.  
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Figure 6. Local heat transfer coefficient along the centerline of steam and 

steam/mist for ribbed wall. 

TABLE I. AVERAGE COOLING ENHANCEMENT FOR DIFFERENT COOLANT 
FLUIDS OVER HEATED WALL 

airinh hhh /  

 fluids 
Square 

ribs 
Trapezoidal 

ribs 

Ratio

)(
square

ltrapezoida

h

h

 
Air 1 1.09 1.09 

Air/ mist 1.14 1.16 1.02 
Steam  1.54 1.68 1.09 

Steam/ mist 2.04 2.18 1.07 
+

hair for square ribs 
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IV. CONCLUSIONS 

The cooling enhancement of ribbed wall using different 
fluids is simulated in this paper. The conclusions are as follows: 

 SST turbulence model is performed on 90deg ribbed 
duct. The numerical results are compared with the experimental 
data from Tanda [6]. It is suggested that the SST turbulence 
model could provide acceptable engineering accuracy to 
analyze the flow and heat transfer feature in the 90 deg ribbed 
duct. 

 For all coolant fluids the wall trapezoidal shaped ribs 
have highest heat transfer coefficient. So it is better ribs design 
in internal flow. 

 Wall with square shaped ribs using air/mist, steam and 
steam/mist as coolants save 14%, 54% and 104%, respectively 
compared to air to achieve the same cooling effect. Also 
trapezoidal shaped ribs save 9%, 16%, 68% and 118% 
respectively, for air, air/mist, steam and steam/mist compared 
with air in square ribs case.  
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